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Introduction: Silica nanoparticles (SiO
2
-NPs) are currently among the most widely used 

nanomaterials, but their potentially adverse effects on brain development remain unknown. The 

developing brain is extremely sensitive to NP neurotoxicity during the early postnatal period.

Materials and methods: Herein, we investigated the effects of SiO
2
-NPs (doses of 10, 20, or 

50 mg with a particle size of ~91 nm, equivalent to aerosol mass concentrations 55.56, 111.11, 

and 277.78 mg/m3, respectively) exposure from postnatal day (P) 1 to P7 on hippocampal 

precursor proliferation at P8 and long-term neurobehavior in adults.

Results: SiO
2
-NP exposure resulted in inflammatory cell infiltration in lung tissue, microglia 

over-activation in the hippocampal dentate gyrus (DG), and decreased hippocampal precursor 

proliferation in the DG-subgranular zone at P8. Moreover, after exposure to 20 mg of SiO
2
-

NPs, mice exhibited social interaction deficits and slight anxiety-like behaviors in adulthood, 

but this exposure did not induce locomotor activity impairment, depression-like behavior, or 

short-term memory impairment.

Discussion: These findings suggest that early-age SiO
2
-NP exposure induced inflammation 

and inhibited precursor proliferation in the DG in a dose-dependent manner, which might be 

related to the social dysfunction observed in adulthood.

Keywords: silica nanoparticles, nanotoxicity, hippocampal neurogenesis, neuroinflammation, 

social behavior

Introduction
Silica nanoparticles (SiO

2
-NPs) are among the most common nanomaterials used 

and possess particular physicochemical characteristics, such as outstanding chemical 

stability, strong modifications, and increased surface-to-volume ratios. These NPs 

are widely used in cosmetics, medicine, chemical engineering, and food production.1 

In the past decades, the widespread use of NPs has indeed made our lives much more 

convenient. However, more than ~1.5 million tons of SiO
2
-NPs have been produced 

in the world per year.2 The release of these NPs into the environment, especially the 

atmosphere, may contribute to the problem of haze and can be detrimental to human 

health. Therefore, it is a pressing challenge to assess the biological effects related to 

the exposure of SiO
2
-NPs.

NPs have the propensity to enter through the airway and skin and have uncon-

strained access to the main organs, including the kidneys, liver, spleen, brain, and 

lungs.3 It has been well demonstrated that the inhaled NPs initiate a sustained inflam-

matory response in lungs. Moreover, recent studies have documented that the brain 

may be a potential target for these NPs.4 In vitro studies have widely confirmed that 
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NPs elicit toxic effects on neurons and glia.5,6 A substantial 

amount of evidence has also demonstrated that NPs can cross 

the blood–brain barrier (BBB) and enter the brain to elicit 

further cytotoxicity.7,8 Therefore, it is critical to assess the 

potential neurotoxic effects of NPs on brain function.

The hippocampus is involved in cognitive processes, such 

as learning and memory,9 and is also extremely vulnerable 

to inflammatory injury. Several lines of evidence suggest 

that the hippocampus is heavily affected by SiO
2
-NPs. The 

intranasal instillation of SiO
2
-NPs for 30 days has been 

found to result in a significant increase in the silica content 

of the hippocampus that leads to immune and inflammatory 

responses and increased expressions of pro-inflammatory 

cytokines and chemokines.10 Additionally, 70 nm SiO
2
-NPs 

have been observed in the cerebral cortex and hippocampus 

after dermal exposure for 28 days.11 One recent study 

indicated that SiO
2
-NPs can disturb the BBB structure and 

function to induce BBB inflammation.12 Nanosized materials 

seem to penetrate into neonatal brains with more ease; at this 

stage, the permeability of the BBB is high. Thus, following 

their entrance into the neonatal brain via the BBB, NPs lead 

to the secretion of inflammatory cytokines that will induce 

severe pathological consequences in the developing brain 

and lead to neurobehavioral deficits in adults. Although 

many studies have been conducted to investigate the effects 

of SiO
2
-NPs, their developmental effects in the brain have 

not yet been fully examined.

In the present study, we evaluated whether SiO
2
-NP expo-

sure in neonatal mice from postnatal day (P) 1 to P7 induced 

inflammation in the lungs and brain. We sought to determine 

whether early life SiO
2
-NP exposure could produce aberrant 

hippocampal neurogenesis, including abnormal proliferation 

of neural progenitor cells (NPCs) and abnormal maintenance 

of NPCs. We also elucidated the long-term consequences for 

social behavior, learning and memory abilities, and anxiety-

like or depressive-like behaviors. This study provides a more 

comprehensive understanding of the neurotoxic effects of 

SiO
2
-NP exposure on the function of the developing brain.

Materials and methods
reagents for siO2-NPs
Fluorescein isothiocyanate (FITC, 95%), 3-aminopropyltri-

ethoxysilane (APTES, 98%), tetraethyl orthosilicate (TEOS, 

98%), and ammonium hydroxide (NH
4
OH, 28%−30% 

as NH
3
) were purchased from Alfa Aesar Ltd (Shanghai, 

China). Absolute ethyl alcohol was acquired from the Beijing 

Chemical Reagent Company (Beijing, China). All materials 

were used as received and without further purification. 

Purified water was used throughout.

synthesis and characterization 
of siO2-NPs
FITC labeled SiO

2
-NPs were prepared via a previously 

described method.13 Briefly, FITC-APTES precursor solution 

was prepared in advance and added to a mixture containing 

40 mL ethanol, 5 mL TEOS, and 5 mL deionized water in a 

250 mL flask. Afterward, 1 mL ammonium hydroxide dis-

persed in 10 mL ethanol was added dropwise, and the mixture 

was stirred at room temperature in a dark place. Then, the 

mixed solution was centrifuged and washed with ethanol and 

water several times to remove free FITC-APTES and ammo-

nium ions. The synthesized FITC-modified SiO
2
-NPs were 

freeze-dried and stored in a dark place for further use.

The scanning electron microscope images of SiO
2
-NPs 

were taken on S-4800 (Hitachi, Tokyo, Japan). The size distri-

bution and zeta potential of the samples were measured with a 

NanoBrook ZetaPlus (Brookhaven, New York, NY, USA). The 

green fluorescence of the as-synthesized SiO
2
 nanopowders was 

observed under ultraviolet illumination (365 nm wavelength).

animals
Pregnant C57/BL6 mice were provided by the Third Military 

Medical University. The animals were maintained in an 

environment with standardized room temperature, a 12-hour 

light/12-hour dark cycle, and ad libitum access to food and 

water. Except for the brief intervals of separation required for 

daily exposure, the postnatal pups stayed with their mothers 

during the experimental periods.

Inhalation exposure
The whole-body animal inhalation exposure system was 

used in the study (Figure S1). The exposure chamber with 

air outlets to keep the pressure constant was connected to the 

atomizer (Pari Boy SX; Pari GmbH, Starnberg, Germany). 

Before exposure, SiO
2
-NP suspensions were made with 

different doses of SiO
2
-NPs (10 mg, 20 mg, and 50 mg) dis-

persed in 3 mL of saline and subsequently ultrasonicated for 

1 h to avoid any possible agglomerates. A vortex turbulence 

instrument (Qilinbeier, Jiangsu, China) was then used for 

5 min to keep the SiO
2
-NPs spread evenly in the saline. Then, 

previously prepared SiO
2
-NP suspensions were delivered by 

the nebulizer with compressed particle-free air at atomization 

speed of 0.1 mL/min. Control groups were exposed to filtered 

air with solution (3 mL saline). Typical air flow rate through 

the chamber was ~6 L/min with a corresponding exposure 

time of 30 min. Briefly, the estimated mass concentration 

of SiO
2
-NP aerosol was 55.56 mg/m3 for 10 mg SiO

2
-NP 

treatment group, 111.11 mg/m3 for 20 mg SiO
2
-NP treatment 

group, and 277.78 mg/m3 for 50 mg SiO
2
-NP treatment group. 
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The average particle size of aerosol was about 2.2 µm, of 

which more than 75% were smaller than 5 µm.

 The day of birth was designated as P0. From P1 to P7, 

pups were aspirated with different doses of SiO
2
-NPs (10 mg, 

20 mg, 50 mg, respectively) or filtered air for control (con-

taining 3 mL of saline) once per day for 30 min. To avoid 

the litter effect, the animals in each treatment group were 

randomly chosen from multiple litters. To assess the effect 

of the SiO
2
-NPs on cell proliferation in dentate gyrus (DG), 

pups received 5-bromo-2-deoxyuridine (BrdU) at a dose of 

50 mg/kg per intraperitoneal injection (ip) on P8 and were 

sacrificed 2 h after BrdU administration (Figure 1A). To study 

whether the SiO
2
-NP exposure during the first neonatal week 

caused behavioral disorder, we choose the same exposure 

protocol with saline or the 20 mg SiO
2
-NP dose for the 

subsequent behavioral tests (Figure 1B).

Immunohistochemistry and 
immunofluorescence
The brains and lungs (P8) were dissected and fixed in 4% para-

formaldehyde (PFA) for 24 h at 4°C. Partial lung samples were 

embedded in paraffin, sectioned, and stained with hematoxylin-

eosin (HE) for histological examination. The remaining brain 

and lung samples were post-fixed in a 30% sucrose solution 

with 4% PFA at 4°C, and cryosections were collected (30-µm-

thick sections for the brains and 10-µm-thick sections for the 

lungs). Immunohistochemistry was performed according to 

the methods detailed in our previous study.14 In brief, the 

sections were incubated with the following primary antibod-

ies in 1% bovine serum albumin (BSA) overnight at 4°C: 

rabbit anti-ionized calcium binding adapter molecule 1 (Iba1, 

1:1,000; Wako); mouse anti-BrdU (1:600; BD Biosciences, 

San Jose, CA, USA); rabbit anti-glial fibrillary acidic protein 

(GFAP, 1:200, Dako) and mouse anti-sex-determining region 

Y (SRY)-box 2 (Sox2, 1:500; Abcam); and 1% BSA replaced 

the primary antibody for the negative control. For the BrdU 

staining, the sections were pretreated with 2 N HCl for 0.5 h at 

37°C to denature the DNA before the regular immunostaining 

procedure. After washing, the sections were incubated with 

biotin-conjugated secondary antibodies and visualized under 

bright-field microscopy with a diaminobenzidine substrate kit 

(Zhongshan, Beijing, China). The stained cells were viewed and 

photographed under a Zeiss Axivert microscope (Oberkochen, 

Germany) equipped with a Zeiss AxioCam digital color camera 

connected to the Zeiss AxioVision 3.0 system. For immuno-

fluorescence, the sections were then incubated with Cy3- or 

488-conjugated (both at 1:400, 3 h; Jackson ImmunoResearch, 

West Grove, PA, USA) secondary antibodies and mounted in 

Vectashield (Vector Laboratories, Inc., Burlingame, CA, USA). 

The nuclei were subsequently stained with 4′,6-diamidino-2-

phenylindole (Beyotime, Shanghai, China). The sections were 

visualized using a confocal laser-scanning microscope (Leica 

TCS-SP2, laser lines at 488, 543, 633; Heidelberg, Germany) 

and analyzed with Leica imaging software.

real-time quantitative polymerase 
chain reaction (rT-qPcr)
RT-qPCR was performed as previously described.15 In brief, 

total RNA was extracted from the hippocampus using Trizol 

(Thermo Fisher Scientific, Waltham, MA, USA) and was reverse 

transcribed according to the manufacturer’s instructions. Quan-

titative PCR was then performed in triplicate with a CFX96 

Real-time PCR System (BioRad) using SYBR Green qPCR 

Mix (Takara Bio Inc., Kusatsu, Japan). Amplification was per-

formed under the following conditions: 1 cycle (30 s at 95°C), 

40 cycles (5 s at 95°C, 30 s at 60°C) and then storage at 4°C. The 

Figure 1 schematic diagram of the experimental procedures.
Notes: (A) Mice were exposed to atomized siO2-NPs at different doses (10 mg, 20 mg, and 50 mg) from P1–P7 and then injected with BrdU (50 mg/kg) at P8. Pups were 
sacrificed 2 h after BrdU injection, and the brains and lungs were collected for the next experiment. (B) Mice underwent the same process as above at the dose of 20 mg 
during the first week and returned to normal life until the initiation of the behavior tests.
Abbreviations: P, postnatal day; siO2-NPs, silica nanoparticles; BrdU, 5-bromo-2-deoxyuridine; ip, intraperitoneal; OFT, open-field test; NOR, novel object recognition; 
EPM, elevated plus maze; TST, tail suspension test; FST, forced swimming test; Sac, sacrifice.
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relative expression levels were normalized to the same value of 

expression as the GAPDH and were calculated using the 2-ΔΔC(t) 

method. All of the primers were purchased from Sangon Bio-

tech and included the following: nuclear factor-κB (NF-κB) 

P65, forward 5′-GCGTACACATTCTGGGGAGT-3′ and 

reverse 5′-ACCGAAGCAGGAGCTATCAA-3′; TNF-α, 

forward 5′-CAAACCACCAAGTGGAGGAG-3′ and reverse 

5′-GTGGGTGAGGAGCACGTAGT-3′; and GAPDH, for-

ward 5′-AGGTTGTCTCCTGCGACTTCA-3′ and reverse 

5′-TGGTCCAGGGTTTCTTACTCC-3′.

Behavioral assays
Three-chamber sociability test
The three-chamber sociability test was used to determine the 

sociability and preference for social novelty of mice. As previ-

ously reported,16,17 the rectangular three-chambered apparatus 

(60×40×22 cm) was made from clear polycarbonate and 

divided into three equal chambers by two clear walls with 

doorways that allowed access into each chamber. A solution of 

70% alcohol and water was used to clean the chambers at the 

end of each test to prevent olfactory stimulation. The task con-

sisted of three 10-minute long phases. In the first phase, mice 

were permitted to explore three chambers freely for 10 min. In 

the next phase, a novel mouse (stranger 1) and a novel object 

were put in the two sides of chamber. Mice were then allowed 

to explore the three chambers again for 10 min. In the last 

phase, the novel object was replaced with another novel mouse 

(stranger 2). Mice were allowed to explore the chambers for 

another 10 min. On the previous day, the novel mouse was 

habituated to the plastic cage for 30 min. Noldus Observer soft-

ware (Ethovision 11.0; Noldus, Wageningen, the Netherlands) 

was used to analyze the duration in each chamber. Addition-

ally, preference indices, which represented the numerical dif-

ference between the time in the chambers (stranger 1 vs object 

or stranger 2 vs stranger 1) divided by total time, were also  

calculated.

Open-field test (OFT)
General exploratory locomotion in a novel open-field 

environment was assessed according to the methods in our 

previous study.16 The observation cage consisted of a square 

gray Plexiglas arena (40×40×30 cm). The floor of the arena 

was divided into 16 equal squares. A mouse was placed in 

the center of the floor at the beginning of our test. A video 

camera was used to record the movement of the mouse for 

30 min. The total distance traveled in the apparatus (as a 

measure of locomotor activity) and the time spent in the 

central zone (as a measure of anxiety-like behavior) were 

assessed with Ethovision 11.0 (Noldus).

Novel object recognition (NOr)
To evaluate short-term memory, the NOR test was conducted 

according to a previous method with minor modification.18 

Because mice have an innate preference for novelty, if the 

mouse recognizes the familiar object, it will spend most of 

its time at the novel object.19 Briefly, mice were individually 

habituated to a square gray Plexiglas arena (40×40×30 cm) 

for 10 min in the first phase. In the second phase, mice were 

placed in the same arena containing two identical objects 

(familiarization phase) and allowed to explore freely for 

10 min. In the last phase, one of the familiar objects was 

replaced with a new one. The time exploring each object 

was recorded during this phase and an exploratory prefer-

ence index (the time spent exploring the new object divided 

by total time spent with both objects × 100%) was calcu-

lated. The individual movement tracks were analyzed with 

Ethovision 11.0 (Noldus).

elevated plus maze (ePM)
The EPM test was conducted to measure the level of anxiety 

in the rodents.20,21 The maze was comprised of two open arms 

(30×6×15 cm), two closed arms (30×6×15 cm), and a central 

area (6×6 cm). Briefly, mice were placed at the center of the 

maze facing an open arm and allowed to explore for 5 min. 

The mouse’s entry into any of the four arms was counted 

when all four paws crossed from the central region into an 

arm. The percentage of time spent in the open arms and the 

percentage of open arm entries were recorded with Noldus 

Observer software (Ethovision 11.0). The anxiety-prone 

mice tend to avoid the open arms of the plus maze. Lower 

percentages indicate more anxiety reactivity.

light↔dark transitions
The light↔dark transitions test was conducted as previously 

described to assess anxiety-like conflict behavior in mice.21,22 

Initially, mice were placed into the brightly lit compartment 

(~400 lux; 20×15×25 cm; facing away from the opening) 

and allowed to explore freely between the light and dark 

chambers (20×15×25 cm) for 10 min. The time spent in the 

light side chamber and the total transitions between the two 

sides of the chamber were automatically recorded using 

Noldus Observer software (Ethovision 11.0) and considered 

indices of anxiety and overall activity, respectively.

Forced swimming test (FsT)
The FST was performed as described earlier.23 Briefly, mice 

were individually placed in glass cylinders (height: 20 cm, 

diameter: 10 cm) containing 10 cm height of water (23°C±1°C). 

When the mouse remained floating in the water in an upright 
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position without struggling or exhibited only the movement 

necessary to keep their heads above water, we deemed them 

immobile. The immobility durations during the last 4 min of 

the total of 6 min were obtained by two operators.

Tail suspension test (TsT)
The TST was performed according to previously reported 

methods.24,25 Mice were suspended by a mounted hook 50 cm 

above the floor using adhesive tape, which was placed ~1 cm 

from the tip of the tail. The activities of mice were recorded 

for 6 min. The immobility duration was evaluated during 

the last 4 min.

Quantification
Stereological quantification of BrdU+ cells in the Dg
The total number of BrdU-positive cells in the DG was 

quantified using stereological cell counting according to our 

previous method.14 Briefly, serial 30 µm sections through the 

rostrocaudal extent of the DG were selected in 10-section 

intervals. The total sum of the BrdU-positive cells traced 

was multiplied by BrdU-positive cells in the DG (granule 

cell layer [GCL] plus subgranular zone [SGZ] and hilus) 

per section and series number to give the total number of 

BrdU-positive cells in the DG. Five animals per group were 

used for analysis.

Determination of Iba1+, sox2+, sox2+/gFaP+ cells 
in the Dg
Radial glial cells (RGCs) were immunofluorescently double-

stained with Sox2/GFAP. The somata of the radial glia have a 

triangular shape with processes that are marked by GFAP and 

usually project toward the molecular layer. The number of 

Iba1+, Sox2+, and Sox2+/GFAP+ cells in the GCL (plus SGZ) 

of five matched sections per animal were counted, and the 

average value of a section was determined for each animal. 

Five animals per group were used for the analysis.

statistical analyses
All data are presented as the mean ± SEM with at least five rep-

licates per group. Immunohistochemistry data were analyzed 

using one-way analysis of variance followed by Fisher’s least 

significant difference post hoc test for multiple comparisons 

(SPSS 22.0; IBM Corporation, Armonk, NY, USA). Unpaired 

t-tests between groups were used to evaluate the results of the 

EPM, FST, TST, and NOR tests. For the body weight analysis, 

three-chamber sociability test, the total distance and center 

time in the OFT, repeated-measures analyses of variance 

(paired t-tests) were employed to compare the between-group 

factor of dose and the within-group factor of time (body weight 

analysis and OFT) or chamber (three-chamber sociability test). 

For all comparisons, the significance level was set at p,0.05.

ethics approval and informed consent
All experimental procedures were approved by Third Military 

Medical University and were performed according to the 

guidelines of laboratory animal care and use.

Results
characteristics of the siO2-NPs
The average diameter of the as-obtained SiO

2
-NPs was ~91 nm 

under scanning electron microscope (Figure 2A), which was 

smaller than the hydrodynamic diameter (~130 nm, dynamic 

light scattering, Figure 2B) in water due to better water dis-

persibility. Additionally, the zeta potential of the SiO
2
-NPs in 

Figure 2 characterization of the FITc-labeled siO2-NPs.
Notes: (A) scanning electron microscope images of siO2-NPs and the corresponding size distribution plot (inset). (B) Diameter distribution of the FITc-labeled siO2-NPs 
in purified water as assessed by dynamic light scattering. Inset: dispersion in water (left) and fluorescent photograph of FITC-labeled SiO2-NPs (right).
Abbreviations: siO2-NPs, silica nanoparticles; FITC, fluorescein isothiocyanate.
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water was approximately -36.19 mV. The bright green fluo-

rescence under ultraviolet illumination (inset in Figure 2B) 

indicated the successful conjugation of FITC on the surfaces 

of the SiO
2
-NPs.

exposure to siO2-NPs did not alter 
the average body or brain weight
The body weights of pups from all four groups were recorded 

from P1 to P8. There was no effect on the treatment group 

(F[3,36]=0.344; p=0.793). The average body weight of mice 

in the control group was slightly higher (but not significantly) 

than that of those treated with the SiO
2
-NPs (Figure 3A). 

Moreover, there was no significant difference in mean brain 

weight between the four groups on P8 (Figure 3B).

exposure to siO2-NPs induced 
inflammatory response in the lungs 
of the 8-day-old mice
Light microscopy micrographs of HE-stained tissues depicted 

the onset of histopathological changes in the lung architecture 

(Figure 3C–J). HE staining revealed that the morphologies 

of the alveoli were similar among the four groups. However, 

SiO
2
-NP exposure induced inflammatory cell infiltration 

compared with the control group. Additionally, in all nano-

particle exposed animals, increased numbers of diffusely 

scattered macrophages accumulated with FITC-labeled SiO
2
-

NPs were observed within alveoli, when detected under an 

immunofluorescent microscope (Figure 3K–R).

siO2-NP exposure induced over-
activation of microglia in the Dg and a 
hippocampal inflammatory response
Iba-1 was selected to trace the activation of microglia. In 

Figure 4A-H, the microglia cells exhibited smaller cell 

bodies with fewer and scattered processes in the DGs of the 

saline-treated control mice. However, enlarged cell bodies 

with thicker and more condensed processes were present in 

the DGs of the different SiO
2
-NP-treated mice. Additionally, 

the number of microglia labeled by Iba1 increased greatly in 

the DGs of the neonatal mice following SiO
2
-NP exposure 

(Figure 4I) compared with the control pups. RT-qPCR also 

revealed that the mRNA expressions of inflammation-related 

genes, such as TNF-α and NF-κB P65, were significantly 

higher in the SiO
2
-NP-treated pups than in the control group 

(Figure 4J and K). These data suggest that the inhalation of 

SiO
2
-NPs may directly induce hippocampal over-activation 

of microglia and an inflammatory response in newborn 

mice at P8.

siO2-NP exposure inhibited BrdU-labeled 
cell proliferation in the Dg in a dose-
dependent manner
As illustrated in Figure 5, 2 h after BrdU administration at 

P8, the most intense BrdU labeling of the cells was local-

ized in the GCL and hilus. There was no difference in the 

BrdU-positive cells in the DG between pups that were treated 

with 10 mg SiO
2
-NPs and pups that were treated with saline 

(p.0.05). However, the BrdU-positive cells in the DG were 

significantly decreased in the higher-dose SiO
2
-NP treatment 

groups (20 mg and 50 mg) compared with the control pups 

per DG (8,070±174.642, vehicle vs 7,476±184.000 SiO
2
-NPs 

20 mg, p,0.05; 8,070 ±174.642 vehicle vs 6,844±216.046 

SiO
2
-NPs 50 mg, p,0.001). These data indicated that SiO

2
-

NPs at higher doses could significantly inhibit the prolifera-

tion of NPCs in the hippocampal DGs of neonatal mice.

siO2-NP exposure exhausted the NPc 
pool in the Dgs of 8-day-old mice
To assess the effects of SiO

2
-NPs on the NPCs in the 

DGs of newborn mice, we analyzed the number of Sox2-

labeled NPCs among the four groups. Compared to the 

vehicle-treated group, SiO
2
-NP-treated mice exhibited lower 

number of Sox2+ neural stem/early progenitor cells in the 

GCL (Figure 6A–I). Postnatally, RGCs act as neurogenic 

progenitors that give rise to subsequent NPCs. To further 

explore the defects in the NPC pool in mice treated with 

SiO
2
-NPs, we determined the number of RGCs with Sox2 

and GFAP double-staining method. Indeed, SiO
2
-NP expo-

sure significantly decreased the pool of NPCs in the DG at 

P8 compared with the vehicle-treated group as measured 

by the cells with radial glial morphology and the expres-

sions of both GFAP and Sox2 (Figure 6A–H and J). These 

findings indicated that the decrease in cellular proliferation 

in the hippocampus induced by SiO
2
-NPs exposure may 

be due to a decline in the number of stem/progenitor cells 

available in the GCL.

siO2-NP-treated mice exhibited reduced 
social novelty preference in the three-
chamber sociability test
We examined whether SiO

2
-NP exposure could alter social 

interaction in mice with the three-chamber paradigm test. 

In the sociability test stage (Figure 7A and B), the preference 

of a mouse for a stranger mouse versus a novel inanimate 

object is compared. Although only vehicle-treated mice 

interacted more with the mouse than with an empty enclosure 

(Figure 7E), the mean preference index of SiO
2
-NP-treated 
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Figure 3 siO2-NP treatment induced inflammatory response in the lungs of the 8-day-old mice without alteration in the body and brain weight.
Notes: (A) The effects of siO2-NP exposure on the average body weights of mice (n=10 per group). (B) The effects of siO2-NP exposure on brain weight at P8 (n=8 per 
group). The data are presented as the mean ± seM. (C–F) The structure of the lung as illustrated by he staining for the groups: Vehicle, siO2-NPs (10 mg), siO2-NPs (20 mg), 
and siO2-NPs (50 mg). (G–J) The images are higher-power views of C–F. (K–N) The locations of the siO2-NPs labeled by FITC as revealed by immunofluorescent staining in 
the four groups: Vehicle, siO2-NPs (10 mg), siO2-NPs (20 mg), and siO2-NPs (50 mg). (O–R) The images are higher-power views of K–N. arrows highlight the FITc-labeled 
siO2-NP burden observed in alveolar macrophages. The scale bar in F =100 µm and applies to C–F; in J the scale bar =50 µm and applies to G–J; in N the scale bar =25 µm 
and applies to K–N; and in R the scale bar =10 µm and applies to O–R.
Abbreviations: siO2-NPs, silica nanoparticles; FITC, fluorescein isothiocyanate; SEM, standard error of the mean; DAPI, 4′,6-diamidino-2-phenylindole.

mice was compatible with those in vehicle-treated mice 

(Figure 7G). Additionally, measurements of the prefer-

ence for a previously encountered familiar mouse versus 

a new stranger mouse revealed that SiO
2
-NP-treated mice 

(Figure 7D) displayed a reduced level of social novelty rec-

ognition than vehicle-treated mice (Figure 7C) as measured 

by the time spent in the target (Figure 7F) and the social 

preference index (Figure 7H). Thus, SiO
2
-NP-treated mice 
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exhibited less social novelty preference in the three-chamber 

sociability test compared with vehicle-treated mice.

siO2-NP-treated mice showed no 
obvious impairments on short-term 
memory
To evaluate the effects of SiO

2
-NP exposure on the short-term 

memories of mice, we conducted the novel object recognition 

test (Figure 8). SiO
2
-NP exposure did not change the explor-

atory preference index between groups (47.461%±2.978% 

for SiO
2
-NP-treated mice vs 53.032%±2.919% for saline-

treated mice, p=0.202, Figure 8D). Moreover, there were 

no group differences in the total exploratory times for all 

objects (Figure 8C), which indicated that the results were not 

influenced by potential changes in overall activity.

effects of siO2-NP exposure on 
locomotion and anxiety-like and 
depressive-like behaviors
To determine whether SiO

2
-NP exposure affected the overall 

locomotor activity, the OFT was utilized. The time course of 

the total distance traversed by mice in the novel open-field 

chamber over a 30-minute time period significantly decreased 

(Figure 9A, F(5,18)=11.253; p,0.001), indicating that both 

groups habituated normally to the chamber. SiO
2
-NP expo-

sure did not significantly alter the total distance traveled when 

compared to vehicle-treated mice (Figure 9B, p.0.05). Addi-

tionally, we found no difference in SiO
2
-NP-treated mice in 

the time spent in the center (Figure 9C and D, p.0.05). This 

finding indicated that a dose of 20 mg SiO
2
-NP exposure 

may not elicit an increase in anxiety in the OFT. Two-tailed 

t-tests revealed that the percentage of time in the open arm 

significantly decreased in SiO
2
-NP-treated mice compared to 

control mice (Figure 10A, p,0.05), and the percentages of 

entries into open arm were similar between the two groups 

(Figure 10B, p.0.05). In the light↔dark transitions test, 

SiO
2
-NP-treated mice and mice in the vehicle group exhibited 

similar times in the light side chamber (Figure 10C, p.0.05) 

and similar total transitions (Figure 10D, p.0.05). The FST 

and TST were used to analyze depression-like behaviors in 

mice, and increased immobility is a measure of behavioral 

despair. As depicted in Figure 10, treatment of mice with 
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Figure 4 siO2-NP treatment induced over-activation of microglia in the DG and a hippocampal inflammatory response.
Notes: (A–D) Microglia cells labeled by Iba1 in the Dgs of the different groups. (E–H) higher-power views of the boxed areas in A–D. (I) Quantitative analysis of the 
number of Iba1+ cells in the Dg. (J and K) relative mrNa expressions of TNF-α and NF-κB P65. The data are presented as the mean ± seM (n=5 for immunohistochemistry, 
n=3 for rT-qPcr). *p,0.05, **p,0.01. scale bar in D =200 µm and applies to A–D, in H =100 µm and applies to E–H.
Abbreviations: siO2-NPs, silica nanoparticles; Dg, dentate gyrus; Iba1, ionized calcium binding adapter molecule 1; NF-κB, nuclear factor-κB; TNF-α, tumor necrosis factor 
alpha; seM, standard error of the mean; rT-qPcr, real-time quantitative polymerase chain reaction.
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the SiO
2
-NPs did not affect the immobility time in the FST 

(Figure 10E, p.0.05) or the TST (Figure 10F, p.0.05).

Discussion
In the present study, we found that SiO

2
-NP exposure during 

the first postnatal week resulted in inflammatory cell infil-

tration in the lung tissue, microglia over-activation in the 

hippocampal DG, and an increase in inflammatory cytokines 

in the hippocampus. Additionally, our data revealed that 

SiO
2
-NP exposure inhibited the proliferation of cell popula-

tion and decreased the pool of NPCs in the DG. The behav-

ioral tests further confirmed that SiO
2
-NP exposure during the 

early stage induced a significant deficit in social interaction 

and slight anxiety-like behavior.

A large body of evidence has been gathered to suggest 

that SiO
2
-NP exposure induces inflammatory response in the 

lung.26–30 We demonstrate here that the exposure of neonatal 

mice to SiO
2
-NPs led to macrophages internalizing the 

NPs and inflammatory cell infiltration. Microglia cells are 

regarded as macrophage-like cells that reside in the central 

nervous system (CNS) to mediate initial inflammation in the 

CNS. Several studies have described the consequences of 

NP exposure and also described the activation of microglia 

and the induction of increased cytokine production, such 

as TNF-α, IL-1β, and IL-6, in the frontal cortex, corpus 

striatum, and hippocampus.10,31 In vitro, SiO
2
-NPs had been 

reported to bring about obvious inflammation in most cell 

lines, such as glia cells and epithelial cells.32–36 Our present 

results are consistent with these studies. SiO
2
-NP exposure 

of neonatal mice could cause obvious inflammation in the 

neonatal lung and brain.

Our previous studies have demonstrated that the early 

postnatal hippocampus is extremely vulnerable to neurotoxic 

stimuli.37,38 The present study further demonstrated a marked 

and significant increase in activated microglia in the DG and 

an increase in inflammatory cytokines in the hippocampus 

Figure 5 siO2-NP exposure suppressed cell proliferation in the Dg.
Notes: (A–D) representative images of BrdU-labeled sections of the Dg for each of the four groups: Vehicle, siO2-NPs (10 mg), siO2-NPs (20 mg), and siO2-NPs (50 mg). 
(E–H) The images are higher-power views of the boxed areas in A–D. (I) Quantitative analysis of the number of BrdU-labeled cells in the hippocampal Dg. The data are 
presented as the mean ± seM (n=5). *p,0.05, and ***p,0.001. The scale bar in (D) =200 µm and applies to (A–D), and that in (H) =100 µm and applies to (E–H).
Abbreviations: siO2-NPs, silica nanoparticles; Dg, dentate gyrus; BrdU, 5-bromo-2-deoxyuridine; seM, standard error of the mean; gcl, granule cell layer.
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of SiO
2
-NP-exposed mouse brains. There is also ample 

evidence demonstrating that inflammatory responses in 

neonates can subsequently negatively influence hippocam-

pal neurogenesis.39,40 Our findings revealed that exposure 

to SiO
2
-NPs could inhibit hippocampal cell proliferation 

as assessed by BrdU in the DG at P8 in a dose-dependent 

manner. Sox2 is one of the transcription factors that is highly 

expressed in the NPCs that are localized in the SGZ and 

determine the maintenance of NPC proliferation and self-

renewal.41 In the present study, we confirmed that the expo-

sure of neonatal mice to SiO
2
-NPs significantly decreased 

Sox2-positive cells in the DG in a dose-dependent manner. 

It is well documented that RGCs determine the NPC pool 

in the postnatal DG and produce new granule neurons 

throughout life. In the present study, we noticed that 

SiO
2
-NP exposure depleted the RGC population labeled with 

GFAP+/SOX2+ that can differentiate into NPCs. All of these 

findings suggest that NPCs may be a target of SiO
2
-NP-in-

duced abnormalities in postnatal hippocampal development, 

which thereby may be involved in hippocampal-associated 

behavioral and cognitive deficits.

Studies have confirmed that the developmental expo-

sure of rodents and zebrafish to NPs causes behavioral 

disruptions.42 In rodents, inhalation of ambient ultrafine 

particle air pollution may parallel with behavioral features 

of autism and other neurodevelopmental disorders.43 The 

three-chamber social test has been applied to study social 

preference and social novelty in mice. The results of this 

study demonstrate that mice treated with SiO
2
-NPs exhibited 

a comparable level of social preference. In the second part of 

the social interaction test, we evaluated social novelty. Mice 

that were exposed to SiO
2
-NPs exhibited significant deficit 

Figure 6 exposure to siO2-NPs reduced the rgcs labeled with gFaP and sox2 in the Dg.
Notes: (A–D) representative images of sox2 and gFaP double-positive rgcs in the Dgs of the Vehicle, siO2-NPs (10 mg), siO2-NPs (20 mg), and siO2-NPs (50 mg). (E–H) 
Images are higher-power views in A–D. The arrows indicate the sox2 and gFaP double-stained cells. (I) Quantitative analysis of the numbers of sox2-positive cells in the 
gcl. (J) Quantitative analysis of the number of sox2+ and gFaP+ cells in the gcl. The data are presented as the mean ± seM (n=5). *p,0.05, **p,0.01, and ***p,0.001. 
The scale bar in D =50 µm and applies to A–D, and that in H =20 µm and applies to E–H.
Abbreviations: siO2-NPs, silica nanoparticles; RGCs, radial glial cells; GFAP, glial fibrillary acidic protein; Sox2, sex-determining region Y-box 2; DG, dentate gyrus; 
gcl, granule cell layer; seM, standard error of the mean.
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Figure 7 siO2-NP-treated mice exhibited impairments in social novelty in the three-chamber sociability test.
Notes: (A–D) heat maps representing the social interaction in the sociability and social novelty stages. (E) In the sociability phase, only vehicle-treated mice interacted 
more with the mouse than with an empty enclosure. (F) Control mice exhibited a significant preference for novel mouse compared with the familiar mouse, whereas 
siO2-NP- exposed mice exhibited a characteristic lack of social novelty as demonstrated by approximately equal amounts of time with the novel mouse and familiar mouse. 
(G) Preference index (s1-O) based on chamber time. (H) Preference index (s2-s1) based on chamber time. all data expressed with the error bars represent the mean ± 
seM (n=11 for vehicle, n=9 for the siO2-NP-treated group); *p,0.05, ***p,0.001.
Abbreviations: siO2-NPs, silica nanoparticles; seM, standard error of the mean.

in social novelty and allocated equal time to exploring the 

familiar and novel mice. It is thought that general exploratory 

activity in the three-chambered apparatus is vulnerable to 

artifacts due to sedation or hyperactivity. We also noticed 

that SiO
2
-NP exposure did not cause sedation or hyperactiv-

ity as evaluated in the OFT. This lack of social recognition 

could not be explained by deficits in preference for novelty 

in general or recognition impairment because the SiO
2
-NP 
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Figure 8 siO2-NP exposure in the neonatal period did not impair the short-term memory in adult mice.
Notes: (A and B) representative heat maps of the resting times of mice with siO2-NP exposure and control mice are presented. The cylindrical object is new, and the cuboid 
object is familiar. (C) There were no differences in the total time of exploration between the two groups. (D) siO2-NP exposure did not affect the exploration preference. 
The data are presented as the mean ± seM (n=11 for vehicle, n=9 for the siO2-NP-treated group).
Abbreviations: siO2-NPs, silica nanoparticles; seM, standard error of the mean.

exposure did not affect novel object preference. Therefore, 

postnatal SiO
2
-NP exposure induced social deficits were 

specific to the social context.

However, it has been reported that developmental 

disorders of the hippocampus can increase the risk of long-

term behavioral changes, such as depression and anxiety.44 

Although the percentage of time in the open arm by SiO
2
-

NP-treated mice was decreased in the EPM test, there were 

no significant differences in the percentages of entries into 

the open arm. We did not find any signs of anxiety in the 

light↔dark test or OFT. Depression-like behaviors in mice 

were assessed in the FST and TST. We noticed that SiO
2
-NP 

exposure does not affect immobility time, which suggests 

that the inhalation of SiO
2
-NPs in early life may not lead to 

depression-like behavior in mice.

 Many studies have revealed that the toxicity of SiO
2
-NPs 

is also related to the nanoparticle size and cell type. Similar 

to this study, SiO
2
-NPs of size 91 nm exposure induced apop-

tosis and inhibited cell proliferation in the cultured neural 

stem cell.45 Results of these studies indicated that the applica-

tion of SiO
2
-NPs may cause a risk to the developing brain.

Conclusion
Overall, our data indicate that exposure to SiO

2
-NPs exerts 

neurotoxic effects in the hippocampal DG in mammals that 

subsequently disrupt social interaction in adults. With an 

increasing understanding of the detrimental health-related 

consequences of the extensive usage of SiO
2
-NPs and the 

potential environmental hazards, we will be able to alleviate 

human health risks.
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Figure 9 siO2-NP exposure did not induce a locomotion reduction.
Notes: The total distance traversed and center time were analyzed in 5-minute time bins over a 30-minute period in a novel open-field arena. (A and B) Mice in siO2-
NP-treated group exhibited no significant reductions in locomotor activity. (C and D) No significant alterations were found in center time. All results are presented as the 
mean ± seM (n=11 for vehicle, n=9 for the siO2-NP-treated group).
Abbreviations: siO2-NPs, silica nanoparticles; seM, standard error of the mean.

Figure 10 (Continued)
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Figure S1 Particle exposing system for experimental animals (schematic).
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